Purpose: The overall goal of this study is to restore kilovoltage computed tomography (kV-CT) images which are disfigured by patients' metal prostheses. By generating a hybrid sinogram that is a combination of kV and megavoltage (MV) projection data, the authors suggest a novel metal artifactreduction (MAR) method that retains the image quality to match that of kV-CT and simultaneously restores the information of metal prostheses lost due to photon starvation. Methods: CT projection data contain information about attenuation coefficients and the total length of the attenuation. By normalizing raw kV projections with their own total lengths of attenuation, mean attenuation projections were obtained. In the same manner, mean density projections of MV-CT were obtained by the normalization of MV projections resulting from the forward projection of density-calibrated MV-CT images with the geometric parameters of the kV-CT device. To generate the hybrid sinogram, metal-affected signals of the kV sinogram were identified and replaced by the corresponding signals of the MV sinogram following a density calibration step with kV data. Filtered backprojection was implemented to reconstruct the hybrid CT image. To validate the authors' approach, they simulated four different scenarios for three heads and one pelvis using metallic rod inserts within a cylindrical phantom. Five inserts describing human body elements were also included in the phantom. The authors compared the image qualities among the kV, MV, and hybrid CT images by measuring the contrast-to-noise ratio (CNR), the signal-to-noise ratio (SNR), the densities of all inserts, and the spatial resolution. In addition, the MAR performance was compared among three existing MAR methods and the authors' hybrid method. Finally, for clinical trials, the authors produced hybrid images of three patients having dental metal prostheses to compare their MAR performances with those of the kV, MV, and three existing MAR methods. Results: The authors compared the image quality and MAR performance of the hybrid method with those of other imaging modalities and the three MAR methods, respectively. The total measured mean of the CNR (SNR) values for the nonmetal inserts was determined to be 14.3 (35. 3), 15.3 (37.8) , and 25.5 (64.3) for the kV, MV, and hybrid images, respectively, and the spatial resolutions of the hybrid images were similar to those of the kV images. The measured densities of the metal and nonmetal inserts in the hybrid images were in good agreement with their true densities, except in cases of extremely low densities, such as air and lung. Using the hybrid method, major streak artifacts were suitably removed and no secondary artifacts were introduced in the resultant image. In clinical trials, the authors verified that kV and MV projections were successfully combined and turned into the resultant hybrid image with high image contrast, accurate metal information, and few metal artifacts. The hybrid method also outperformed the three existing MAR methods with regard to metal information restoration and secondary artifact prevention. Conclusions: The authors have shown that the hybrid method can restore the overall image quality of kV-CT disfigured by severe metal artifacts and restore the information of metal prostheses lost due to
INTRODUCTION
Kilovoltage computed tomography (kV-CT), providing 3D anatomical information of patients, has become indispensable to radiotherapy treatment planning (RTP) in recent years. kV-CT images provide an attenuation coefficient map of a patient, which is essential for delineating the target volumes and surrounding structures related to the external contour, as well as for tissue-heterogeneity corrections. 1 However, kV-CT images can be adversely affected by streaking artifacts that result from x-ray photon starvation caused by high-density metal prostheses such as dental fillings, hip prostheses, surgical clips, and coils. These metal-affected artifacts can obscure important information of the patient in kV-CT images and consequentially cause considerable errors in radiation treatment planning. 2 A number of methods to suppress metal-affected artifacts in CT images have been proposed since Glover and Pelc 3 introduced this topic in 1981. Most conventional methods developed for metal artifact reduction (MAR) share the following similar strategies: (1) the identification of photonstarved pixels in projection data or in reconstructed images and (2) the modification/replacement of the identified data with reasonable values come from those neighboring pixel values using various algorithms based on interpolation.
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The major disadvantage of these interpolation methods is that secondary image artifacts may be introduced if the modified data are not matched between projection views. 2 Over the years, more elaborate methods have also been proposed to suppress streak artifacts such as wavelet-based reconstruction, 4, 12 forward projection-based interpolation, 11, 13, 14 constrained optimization, 15 and modelbased reconstruction. 16 Some of them 12, 15, 16 use iterative reconstructions that complete photon-starved missing data through the joint optimization of data consistency and image roughness. Megavoltage (MV) x-ray projections that traverse highdensity objects do not contain photon-starved data; therefore, they may provide a streak-free CT reconstruction even if the structures of interest lie in the same imaging plane as the metal prostheses. In previous publications, a combination of kV and MV projection data was studied to improve data-acquisition efficiency and image quality using current radiotherapy devices that are equipped with detectors for both kV and MV cone-beam CT imaging. 17, 18 The results were shown to reduce metal artifacts in kV/MV cone-beam CT images. 18 Over the last 15 yr, helical tomotherapy (HT) (TomoTherapy, Inc., Madison, WI) has been widely used as a modality for delivering intensity-modulated radiation treatments using a rotating linear accelerator mounted on a continuously moving slip-ring gantry. 19 HT enables therapists to acquire MV-CT images of patients prior to the radiation treatment, and these artifact-free MV-CT images are commonly compared with the planning kV-CT images, thereby allowing for the correction of the patient setup. 20, 21 However, MV-CT images have very low tissue contrast, low spatial resolutions, and high levels of noise in comparison with the corresponding kV-CT image due to the stronger penetrability and heavier Compton scattering of MV x-rays. Therefore, this may preclude the precise diagnosis and identification of the structures of interest. Figure 1 compares the image quality between kV-CT and MV-CT for major organs at risk at head and pelvis sites, where metal prostheses are most often observed. The white arrows indicate the organs at risk, in this case the parotid gland, lens, brain stem, and rectum, which must be exposed to low levels of treatment radiation to the greatest extent possible. The organs at risk are well identified in kV-CT, whereas in MV-CT, they are scarcely distinguishable due to the low tissue contrast and high noise. In relevant studies, it is well known that kV-CT images are greatly superior to MV-CT images in terms of signal-to-noise ratio (SNR), 22 low-contrast resolution, 23 and noise, 24 although several researchers have tried to use MV-CT images for RTP. [25] [26] [27] To take advantage of both kV-CT and MV-CT, in this paper, we propose a novel method which generates a hybrid sinogram that is a combination of projection data from kV-CT and MV-CT. Metal-affected kV projection data are replaced by the corresponding MV projection data following a data calibration step to compensate for the material differences between kV and MV projections. The resulting hybrid sinogram can provide useful information in both metallic and nonmetallic regions in that it suppresses metal artifacts and retains the overall image quality to match that of kV-CT during the subsequent reconstruction process. In this paper, we describe the proposed hybrid reconstruction method and describe the strategy for the experimental validation of the hybrid method using a metal-inserted phantom and clinical cases. Finally, the validation results are presented and compared among kV, MV, hybrid, and three existing MAR methods.
PROCEDURES FOR HYBRID SINOGRAM GENERATION

2.A. Definitions of sinograms
Because the x-ray interaction with matter depends on the x-ray energy, both the kV and the MV projection data must be calibrated to absolute density values before the kV/MV combination to generate the hybrid sinogram. The expected F. 1. Comparison of the image quality between kV-CT and MV-CT for organs at risks: (a) and (b) parotid gland, (c) and (d) lens, (e) and (f) brain stem, and (g) and (h) rectum. MV-CT provides low tissue contrast and high noise due to the stronger penetrability and heavier Compton scattering of MV x-rays.
x-ray attenuation signals follow Beer's law,
where I 0 x denotes the unattenuated x-ray signals of the xth ray (or detector element), t x y denotes the discrete length of the intersection of the xth ray with the yth image voxel, and µ(m,n,ε) is the linear attenuation coefficient at the effective xray energy ε. In addition, m and n denote 2D positions of each image voxel. The logarithm of the ratio of the unattenuated signal and the attenuated signal is the sinogram, as follows:
where p µt (x,φ) is the measured signal at the xth detector element and the gantry angle φ, andμ x and t x are the effective attenuation coefficient and the total length of the intersection along xth ray, respectively. In this study, we separate the kV sinogram p kV µt (x,φ) into the effective attenuation coefficient sinogram p kV µ (x,φ) and the total length of the attenuation sinogram p kV t (x,φ) to prepare for the density calibration step. The value of p kV µ (x,φ) is obtained by normalizing the kV sinogram with respect to the total length of attenuation, as follows:
The details to acquire p kV t (x,φ) are described in Sec. 2.B. The density sinogram of kV-CT, p kV ρ (x,φ), is obtained through the density calibration using the corresponding density sinogram of MV-CT, as described in Sec. 2.C.
Because raw sinograms of MV-CT in HT are not disclosed, we obtain the density-calibrated MV sinogram, p 
The details to acquire p MV t (x,φ) are also described in Sec. 2.B. The sinograms defined and used in this study are summarized in Table I .
2.B. Density sinograms
To combine kV and MV projections in spite of the energy dependence of the attenuation coefficients, both datasets have to be converted to densities prior to the combination. A raw sinogram acquired by scanning an object, p kV µt (x,φ), could be directly obtained from our kV-CT device. We reconstructed the sinogram by means of filtered backprojection (FBP) with linear interpolation (LI) to reduce metal artifacts. 3 Although the linear interpolation method did not guarantee an artifact-free reconstructed image, it offered low computational demand and sufficient image quality to only identify the outer contours of the imaged object. Using a threshold that was median pixel value between the object and air, we created a binary image by assigning a value of unity to the inner side of the object and a value of zero to the background. We implemented the forward-projection method proposed by Siddon 29 to obtain p kV t (x,φ) such that the total length of attenuation was successfully estimated,
where B denotes the binary image. The effective attenuation coefficient sinogram, p kV µ (x,φ), was obtained from Eq. (3). Sinogram calibration to convert from the attenuation coefficient to the electron density was implemented during the T I. Definitions of sinograms.
Mean density × total length of attenuation kV/MV combination to generate the hybrid sinogram. These details are described in Sec. 2.C. The related workflow is described as the stream A of Fig. 2 . We used a reconstructed MV image of the same object to obtain the density-calibrated MV sinogram, p MV ρt (x,φ), via the forward projection of the density-calibrated MV image that was implemented based on known geometric parameters (i.e., the source-to-detector distance, the sourceto-axis distance, and the detector pitch) of the kV-CT device to prepare for the kV/MV combination. We obtained p 
2.C. Hybrid sinogram
The hybrid sinogram p 
MV
ρ (x,φ) is the key procedure in this study, and our strategy for obtaining p HY ρt (x,φ) is a chain of metal segmentation, density calibration of the kV sinogram, and the combination of kV/MV sinograms. This is described below.
2.C.1. Metal segmentation
In the attenuation coefficient sinogram of kV-CT, p kV µ (x,φ), the photon-starved metallic regions were well distinguished from nonmetallic regions using a thresholding technique. We determined the threshold using a K-means clustering algorithm. 30 Because MV-CT images were precisely matched with the corresponding kV-CT images for an accurate radiation treatment, the identification of metallic regions in the MV sinogram could be simply carried out using the positional information of the metallic regions obtained from the kV sinogram.
2.C.2. Calibration of the kV sinogram
The attenuation coefficient sinogram p kV µ (x,φ) was converted to the density sinogram using the density-calibrated p MV ρ (x,φ). In each row (or φ), p kV µ (x,φ) was normalized such that the average of the central detector signals became equivalent to that of the corresponding row of p MV ρ (x,φ). In this study, we used 100 detector signals (∼7.7 cm in image center). Through normalization, p
We note that metal-affected detector signals were excluded from the calculation.
2.C.3. kV/MV combination
A combination of kV and MV projection data was implemented row by row. The projection data of the metallic F. 2. Block diagram describing the overall workflow to generate the hybrid sinogram. Stream A describes the procedure used to obtain the total length of the attenuation sinogram of kV-CT. Stream B describes the main procedure to generate the hybrid sinogram. Stream C describes the procedure used to obtain the density-calibrated MV projection for the kV/MV combination. Finally, stream D describes the procedure used to obtain the total length of the attenuation sinogram of MV-CT.
F. 3. (a)
A standard cheese phantom having five inserts to describe inhomogeneous human body elements, (b) four different metal inserts to simulate three head cases and one pelvis case, and (c) the locations of nonmetal inserts (numbers indicate material densities) and metal inserts (A-E). The combinations of metal inserts are summarized in Table III. regions in p MV ρ (x,φ) were used to patch the metallic regions of p kV ρ (x,φ). This process required at least some outer margins at the metal boundaries because the kV and MV projection data might not be precisely matched at those points due to the difference in how the kV/MV radiation interacted with the metals. Moreover, the consequent abrupt signal changes might introduce secondary artifacts. Thus, after the kV sinogram was patched within the metallic regions, we expanded the range of the patch until g(x,φ) fell below 1% of the average of nonmetallic signals at each row for a smooth combination. The value of g(x,φ) was defined as
The resultant patched sinogram was the hybrid density sinogram, p HY ρ (x,φ); the hybrid sinogram could be obtained as
The hybrid CT image was finally reconstructed using the filtered backprojection of p HY ρt (x,φ) based on the geometric parameters of the kV-CT device. Figure 2 shows the overall workflow of the proposed method.
EXPERIMENTAL VALIDATION
3.A. Imaging systems
The kV-CT images were acquired by using a 16-slice Brilliance Big Bore CT (Philips Healthcare, Andover, MA) using the "head and neck" protocol: 3-mm spacing, 250 mA, and 120 kV. The source-to-detector distance was 1183 mm, and the source-to-isocenter distance was 645 mm. The detector pixel pitch was 1.4083 mm. Those geometric parameters of the kV-CT imaging device were crucial for several forward and backward projections of kV/MV images and sinograms that were implemented while generating the hybrid sinogram. The MV-CT images were acquired from the HT device using the "normal" scan mode: 3.5 MV, 8-mm spacing, and 4-mm reconstruction.
3.B. MV-CT density calibration
The standard cheese phantom (TomoTherapy, Inc., Madison, WI), which is normally used to perform the delivery quality assurance procedures for tomotherapy, was a cylindrical solid water phantom with a diameter of 30 cm and a height of 18 cm. Twenty cylindrical inserts with diameters of 3 cm could be placed within it, as shown in Fig. 3(a) . Using five inserts having different densities ranging from air density to 1.822 g/cm 3 to describe inhomogeneous human body elements, a conversion curve from the CT number to the density was determined to calibrate the MV-CT images. The CT number-to-density conversion process in metallic regions of the MV-CT image was also performed using five metal inserts described in Sec. 3.C.
3.C. Phantoms
To describe typical metal prostheses in the head (e.g., dental fillings), we created three polymethyl methacrylate (PMMA) T II. Specifications of nonmetal and metal inserts describing human body elements and metal prostheses, respectively.
Material
Density (g/cm 3 ) Diameter (cm) T III. Combinations of metal inserts to simulate three head scenarios and one pelvis scenario. The locations of inserts within the phantom body are described in Fig. 3(c) . ) rods, as these materials are the main components of popular dental amalgam prostheses. Each metallic rod was a cylinder with a diameter of 1 cm and a height of 3 cm. In addition, two steel (Fe, 7.87 g/cm 3 ) inserts with a diameter of 3 cm and a height of 7 cm were used to describe hip prostheses. In this study, four scenarios describing three heads and one pelvis (referred to as the Head1, Head2, Head3, and pelvis scenarios) were simulated with metallic inserts. The aforementioned five inserts describing the human body elements were also used. Specifications of all inserts and their combinations used in the simulation scenarios are listed in Tables II and III, respectively.
3.D. Validation
3.D.1. Image quality
An evaluation of the overall image quality and density accuracy must be performed to verify that the hybrid CT image is reliable and valid. Thus, we quantified the image quality (i.e., the image contrast, noise, and spatial resolution) of the kV, MV, and hybrid CT images. For the image contrast and noise evaluations, the SNR and the contrast-to-noise ratio (CNR) were, respectively, calculated as
and
where S a and S b represent the mean pixel values measured in regions of 16 × 16 pixels for the five inhomogeneous human body-equivalent inserts and the water-equivalent background, respectively, and σ a and σ b represent their standard deviations. 31 We also measured the modulation transfer functions (MTFs) of the three imaging modalities using a method introduced by Friedman et al. 32 to evaluate their spatial resolutions. By the comparison, we could verify how the kV/MV combination affects the spatial resolution of the original kV images. In addition, we evaluated the accuracy of the estimated densities by measuring the mean pixel values of the central 6 × 6 pixels of the five human body-equivalent inserts and the four metallic inserts in all imaging modalities.
3.D.2. Metal artifact reduction
The MAR performance of the hybrid images was investigated in comparisons with that of the kV images corrected by three existing MAR methods proposed in the previous research. The simplest method employed was LI, introduced by Kalender et al. 5 In this method, segmented metal-affected signals in the kV sinogram are replaced by linearly interpolated values based on the neighboring pixels, after which the image is obtained in the consequent reconstruction. Although the LI method offers a considerable improvement in image quality, a major disadvantage of this method is the loss of information, especially at the boundaries of segmented metallic regions, which results in blurring of the corresponding boundaries in the reconstructed image. 11 In the second method, we adopted Lagrange interpolation with high-order polynomials (HI), which may provide better performance than the LI method, especially at edges. A third-order polynomial was used in this study. The LI and HI methods can greatly reduce the metal artifacts but frequently cause secondary artifacts. Finally, the MAR method based on normalization prior to interpolation (NI) as proposed by Meyer et al.
11 was adopted because it outperformed previous MAR methods and incurred only a moderate computational cost.
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3.E. Clinical cases
We considered CT image sets of three patients who had several metallic dental fillings to test the performance of the hybrid approach on clinical images. For each CT image set, the most metal-affected kV sinogram and its corresponding MV-CT image slice were chosen to generate the hybrid sinogram, and the kV, MV, and hybrid images of each patient were compared. In addition, the MAR performances of the LI, HI, NI, and hybrid methods were compared. Clinical cases including metallic hip prostheses could not be studied in this work because there were no such cases in our HT center.
RESULTS
4.A. Hybrid sinogram
kV/MV combined density sinograms of the four aforementioned scenarios (i.e., Head1, Head2, Head3, and pelvis) were generated. The kV, MV, and hybrid density sinograms of the Head3 scenario are shown in Figs. 4(a)-4(c) , respectively, as an example. In the kV case, the projection signals of the sinusoidal trajectories of three metal inserts appeared to be very similar, whereas those in the MV case were different such that the MV density sinogram reflected the different densities of the metal inserts well. The metal-affected projection signals of the MV density sinogram appeared to be well transferred to the corresponding positions of the hybrid density sinogram. Needless to say, the hybrid density sinogram retained its own background (or nonmetallic) signals, identical to those of the kV density sinogram. The kV, MV, and hybrid sinograms, which were multiplications of each density sinogram and p kV t (x,φ), were obtained for image reconstruction, as shown in Figs. 4(d)-4(f) , respectively. Figure 5 (a) compares the row-directional profiles of the kV, MV, and hybrid density sinograms (as designated by the white-dashed lines in Fig. 4) . It was confirmed that the hybrid profile followed the MV profile in the metallic peak regions but followed the kV profile in the remaining regions [see the black arrows in Fig. 5(a) ]. Row-directional profiles of sinograms, which are multiplications of each density sinogram and its total length of attenuation for image reconstruction, are presented in Fig. 5(b) .
4.B. Validation
4.B.1. Image quality
The reconstructed images from the kV, MV, and hybrid sinograms for the four simulation scenarios are shown in The densities measured on the five nonmetal and four metal inserts in the Head3 and pelvis scenarios are summarized in Table V . In all imaging modalities, the measured densities were in good agreement with their true densities, except for air owing to its extremely low density value. In addition, relatively high errors of lung were often observed, especially in the pelvis scenario, because white streaking artifacts originating from the right steel insert passed through the lung insert, which had a relatively low CT number.
The overall mean errors of the measured densities on the nonmetal inserts for the Head3 and pelvis scenarios were 1.81% (kV), 0.42% (MV), and 1.94% (hybrid). For the metal inserts, the mean errors were 0.48% (MV) and 0.30% (hybrid). Figure 7 compares the MTF results obtained from the kV, MV, and hybrid CT images. The MTF performance of hybrid CT was comparable to that of kV-CT. The hybrid CT MTF was nearly identical to the kV-CT MTF at spatial frequencies below 0.25 line-pairs/millimeter (lp/mm), whereas the hybrid-CT MTF gradually decreased with increasing frequency compared to the kV-CT MTF for spatial frequencies above 0.25 lp/mm. We noted that for all spatial frequencies, the hybrid-CT MTF was superior to the MV-CT MTF.
4.B.2. Metal artifact reduction
Severe streak artifacts caused by metal inserts were observed in the kV images, especially along the x-ray path that went through the two different metals, as shown in Figs.  6(a)-6(d) . In the MV images, only a few vague artifacts T IV. Summary of the CNR (SNR) values as calculated from kV, MV, and hybrid images for the Head1, Head2, Head3, and pelvis scenarios. originating from silver and steel inserts due to their relatively high densities and large thicknesses, respectively, were found, as shown in Figs. 6(e)-6(h). Severe streak artifacts between two different metals were scarcely observed in the hybrid CT images. However, minor artifacts around the metals partially remained because the metal-affected kV projection signals not satisfying the given threshold were not replaced by the corresponding MV projection signals even if they passed through the metal insert. Figure 8 compares the resultant reconstructed images using the three existing MAR methods and our hybrid method. In the LI and HI methods, although streak artifacts were mostly removed, secondary streak artifacts passing by the boundaries of the metals were produced, as shown in Figs. 8(a)-8(h) , whereas the secondary artifacts were considerably reduced by the NI method due to the relatively sophisticated interpolation process. In the hybrid method, although minor artifacts from the kV images partially remained, no secondary artifacts were added. In the LI, HI, and NI images, we allocated an arbitrarily high CT number to the metallic regions that were identified by means of the forward projection of the metalsegmented sinograms for a convenient comparison with the hybrid images. However, we note that the three existing MAR methods did not provide any quantitative information about the metallic regions. Figure 9 compares the kV, MV, and hybrid images for the three clinical cases. Major artifacts such as the black streaks in the kV images were successfully removed in the hybrid images (as designated by the white arrows A in the first and third columns of Fig. 9 ). Although some minor artifacts remained, they did not obscure important diagnostic information in the hybrid images. Moreover, the shape and density information of the metallic dental fillings were well restored to approximate their original images (noted in the comparison of the metallic regions of the MV and hybrid images shown in the second and third columns of Fig. 9 ). The poorer image contrast of the MV images as compared to the kV images was visibly improved in the hybrid images (as designated by the white arrows B in the second and third T V. Summary of the measured densities (and percent differences with their true densities) in the kV, MV, and hybrid images for the Head3 and pelvis scenarios. columns of Fig. 9 ). Especially in patient 3, the severe white artifacts just below the dental prostheses in the kV image were successfully removed in the corresponding hybrid image, as shown in Figs. 9(c) and 9(i).
4.C. Clinical cases
The metal-affected clinical images corrected by the three existing MAR methods and the hybrid method are compared in Fig. 10 . In the LI, HI, and NI corrected images, for the comparison with the hybrid images, we allocated an arbitrarily high CT number to the metallic regions identified by the forward projection of metal-segmented sinograms that were identical to those used to generate the hybrid sinograms. However, the estimated shapes of the metal prostheses in the LI, HI, and NI corrected images were different from the ground truths provided by the corresponding MV images in detail, as shown in Figs. 10(a)-10(i) , because it was not easy precisely to identify metal-affected pixels through the binary thresholding technique in raw kV sinograms. Especially if the metals were located just below the skin, as dental fillings typically are, total attenuation along the x-ray path that went through the metals might be relatively low, making it difficult to identify them. Additionally, although black streak artifacts were successfully removed by the LI, HI, and NI methods, white artifacts just below dental prostheses that were frequently introduced when metal prostheses were connected to one another were scarcely removed, as shown in Figs. 10(c), 10(f), and 10(i). We noted that the white artifacts were successfully removed in the corresponding hybrid image shown in Fig. 10 truth of metallic information for patient 3 was provided in the MV image as shown in Fig. 9(f) .
Secondary artifacts originating from metals were observed in most LI, HI, and NI images. Especially in Fig. 10(i) , vivid white and black streak artifacts passing by metals were additionally introduced due to the large black artifacts [as designated by the arrow A in Fig. 9(c) ] that disturbed the exact tissue classification of the NI method.
DISCUSSION
As introduced in this study, there are two advantages of using hybrid sinogram reconstruction. First, a kV-CT image disfigured by metal artifacts can be restored using actual measured kV/MV projection data without any virtual data that may be introduced by interpolation-based metal artifactreduction methods. Any unmatched virtual data between projection views may introduce additional artifacts into the reconstructed image. 2 In Figs. 6 and 8, although some minor artifacts from kV-CT remained, the hybrid images had no additional artifacts, in contrast with the LI, HI, and NI corrected images. Moreover, the MV projection data provided the lost information of the metal densities as well as the metal shapes. Therefore, the hybrid image could provide a more accurate CT number distribution for radiation treatment planning and dose calculations. Second, the hybrid sinogram offers a novel and useful way to restore metal-affected images compatible with helical tomotherapy. Although the MV-CT scan is a routine process for patient position verification in most tomotherapy centers, the use of MV images has been limited owing to their low contrast and high noise. Hence, hybrid images that present sufficiently high contrast and low noise, which are matched to those of the kV images, may permit accurate radiation treatment planning without disturbances caused by metal artifacts despite the fact that the structures of interest lie on the same imaging plane as the metal prostheses inside the patient's body. In addition, no additional exposure of the patient is required to obtain the hybrid image, as we use kV and MV projections, which are already available.
From the CNR (SNR) perspective, the hybrid CT was naturally superior to the MV-CT in terms of the image quality. Unexpectedly, the image quality of the hybrid CT also appeared to be considerably superior to that of the kV-CT, as presented in Table IV . This observation does not support our prediction that there are no significant differences in the image contrast and noise between kV-CT and hybrid CT. This discrepancy between our prediction and the actual observation can be explained as follows. First, the CNR (SNR) values of kV-CT were measured in kV images disfigured by metal artifacts that contained abnormally high levels of noise. Alternatively, the metal-affected kV projection data with very low SNR values owing to photon starvation contributed to image reconstruction such that the overall CNR (SNR) of the kV-CT images could decrease. We presume that the kV-CT without metal inserts and the hybrid CT may be similar in terms of their image qualities. The spatial resolution of hybrid CT was similar to that of kV-CT, as shown in Fig. 7 . The MTF differences between the two imaging modalities were 0.017 (mean; all frequencies), 0.007 (mean; <0.2 lp/mm), and 0.025 (mean; >0.2 lp/mm). The relative MTF degradation of the hybrid CT at higher spatial frequencies may be caused by the contribution of MV-CT images with relatively low spatial resolution.
Major streaking artifacts, especially between two different metals, were successfully removed using LI, HI, NI, and hybrid methods. Simultaneously, however, significant secondary artifacts were introduced in the LI and HI results, as shown in Fig. 8 . Although secondary artifacts were scarcely introduced in NI results, a good prior image was required that modeled the original image as closely as possible using precise classifications of the air, tissue, and bone, but containing no artifacts.
11 This represents a laborious task to do, especially in clinical images with severe metal artifacts. In hybrid images, no secondary artifacts were introduced, but some minor streak artifacts from kV-CT images remained because the amount of kV attenuation leading to minor artifacts was not enough to satisfy the threshold that was used to identify metallic regions in kV sinograms. A further study may be required to reduce the remaining minor artifacts. Excluding minor artifacts, the overall image quality of the hybrid results appeared to be equivalent to that of the NI corrected images.
Although more advanced (or sophisticated) MAR methods 12, 15, 16 based on iterative reconstruction have been proposed recently, they were not considered in this work because our hybrid method was not based on iterative reconstruction but instead on filtered backprojection. In general, the iterative methods do not provide any information about metal densities and require some prior knowledge during the image reconstruction process. We have focused on a metal artifact-reduction technique that does not require any prior knowledge. In addition, iterative-based reconstruction requires a high computational demand compared to filtered reconstruction.
To examine the potential for the clinical application of the proposed method, we generated hybrid CT images for three patients with metallic dental fillings. As in the phantom study, both the high image quality of kV and the accurate metal information of MV transferred well to the hybrid image without any secondary artifacts, as shown in Figs. 9(g)-9 (i). Most images corrected by the three existing MAR methods included considerable secondary artifacts, as shown in Figs. 10(a)-10(i). There may be room for improvement, in the case of NI images, if the more sophisticated classifications of air and tissue fit for each image are implemented, but this is outside the focus of this study while also being a laborious task. We note that the hybrid method has the enough potential to restore images disfigured by metal artifacts even if they are complicated clinical images.
The possibility of metal artifact reduction through a combination of kV and MV projection methods has been studied by several researchers. Recently, a normalized MAR (NMAR) method improved with MV-CT prior images was introduced by Paudel et al. 33, 34 They showed that the use of MV-CT prior images in NMAR significantly reduced several problems associated with the conventional NMAR method, 11 such as the deformation and erosion of structures. In addition, the MV prior image offered the correct CT number of metals in the kV image. In that method, however, kV and MV images had to be perfectly matched for the correct kV normalization with MV priors, and the metal data were translated from image to image. In contrast, we normalized each kV/MV projection dataset with its own total length of attenuation, and the metal data were translated from sinogram to sinogram. Therefore, the hybrid method could be more flexible because kV/MV projections (or images) may not be perfectly matched in most clinical cases. As a different MAR method based on the kV/MV combination, Wu et al. 2 showed that it was possible to reduce metal artifacts using kV and selective MV imaging data that were acquired with current radiotherapy devices, including detectors for both kV and MV cone-beam CT imaging, although the image quality of cone-beam CT was still limited by scatter contamination, nonlinearities of the detector response, and a slow acquisition speed. 35, 36 In this study, we focused on the validation of the proposed hybrid method from the viewpoint of metal artifact reduction, the overall image quality, and the accuracy of densities, all of which are important to accurate radiation treatment planning. The overall performance of radiation treatment planning based on the hybrid image set, including dose calculations, will be evaluated in a future study.
CONCLUSION
We have shown that a hybrid image can serve as an alternative to both kV images disfigured by metal artifacts and MV images with low contrast and high noise for the improved delineation of structures of interest and the acquisition of an accurate density map within a patient's body. Moreover, the hybrid method does not require any additional exposure of the patient because the MV scan is a daily routine process for patient positioning verification in most tomotherapy centers. The hybrid method can support maintenance of the quality of radiation treatment planning even when the original kV images are disfigured by severe metal artifacts. 
